We have performed a systematic, theoretical chemical kinetic investigation of H-atom abstraction byḢ atoms andȮH, HȮ 2 andĊH 3 radicals from aldehydes (methanal, ethanal, propanal and isobutanal) and acids (methanoic acid, ethanoic acid, propanoic acid and isobutanoic acid). The geometry optimizations and frequencies of all of the species in the reaction mechanisms of the title reactions were calculated using the MP2 method and the 6-311G(d,p) basis set. The one dimensional hindered rotor treatment for reactants and transition states and the intrinsic reaction coordinate calculations were also determined at the MP2/6-311G(d,p) level of theory. For the reactions of methanal and methanoic acid withḢ atoms andȮH, HȮ 2 andĊH 3 radicals, the calculated relative electronic energies were obtained with the CCSD(T)/cc-pVXZ (where X = D, T and Q) method and were extrapolated to the complete basis set (CBS) limit. The electronic energies obtained with the CCSD(T)/cc-pVTZ method were benchmarked against the CCSD(T)/CBS energies and were found to be within 1 kcal mol −1 of one another. Thus, the energies calculated using the less expensive CCSD(T)/cc-pVTZ method were used in all of the reaction mechanisms and in calculating our high-pressure limit rate constants for the title reactions. Rate constants were calculated using conventional transition state theory with an asymmetric Eckart tunneling correction, as implemented in Variflex. Herein, we report the individual and average rate constants, on a per H-atom basis, and total rate constants in the temperature range 500-2000 K. We have compared some of our rate constant results to available experimental and theoretical data and our results are generally in good agreement.
Introduction
Both aldehydes and acids are intermediate species in the reaction mechanisms of alkanes. Formaldehyde (CH 2 O) and acetaldehyde (CH 3 CHO) are the main aldehydes formed in many oxidation processes. 1 The most plentiful carboxylic acid in the troposphere is formic acid and its presence is due to processes such as the oxidation of volatile organic compounds, burning of biomass, engine emissions, among others. 2 In combustion relevant conditions, hydrogen atom abstraction reactions byḢ atoms andȮH, HȮ 2 andĊH 3 radicals vary in importance depending on the temperature (ȮH: > 500 K, HȮ 2 : 800−1300 K,Ḣ andĊH 3 : > 1300 K). In our previous works on alcohols, 3, 4 ethers, 5, 6 ketones [7] [8] [9] and esters 10, 11 we have investigated the influence that the presence of the functional group has on the rate constants for abstraction of a hydrogen atom byȮH and HȮ 2 radicals. Herein we perform a similar systematic study of the hydrogen atom abstraction reactions from several aldehydes (methanal, ethanal, propanal and isobutanal) and acids (methanoic acid, ethanoic acid, propanoic acid and isopropanoic acid) byḢ atoms andȮH, HȮ 2 andĊH 3 radicals in the temperature range 500-2000 K.
As in our previous works, [3] [4] [5] [6] [7] [8] [9] [10] [11] we have found a stepwise mechanism where reactant complexes are formed in the entrance channel and product complexes are formed in the exit channel when abstracting a hydrogen atom from aldehydes and acids byȮH, HȮ 2 andĊH 3 radicals. In the case of H-atom abstraction by aḢ atom, reactant complexes are not formed in the entrance channel.
In our previous study of the hydrogen atom abstraction reactions from ketones byȮH radicals, 7 two reactant conformers (gauche and trans) have been studied which have similar chemical properties. In a more recent study on esters + HȮ 2 radicals 11 we have stated that the energy required for the rotation of the α -β and β -γ hindered rotors of methyl pentanoate is 4.5 and 5.7 kcal mol −1 , respectively, and that the relative energy of the gauche reactant conformer is 4 kcal mol −1 higher than that of the trans reactant conformer. Therefore, as in our previous studies 6, [8] [9] [10] [11] we only consider the trans reactant conformers when determining the structure of the transition states, which are shown in Figures 1 and 2 .
In the specific case of acids, the structure of the lowest energy reactant conformer is where the OH group is aligned with the C=O group. The energy barrier for rotation of the R C(=O)−OH hindered rotor is about 14 kcal mol −1 where the relative energy of the other conformer is about 5 kcal mol −1 higher than that of the lowest energy conformer. Therefore, we only consider the lowest energy conformer in our calculations.
Methodology
Gaussian-09 12 with the second order Møller-Plesset (MP2) method and the 6-311G(d,p) basis set was used in the geometry optimizations, frequency calculations and external rotational constants for every species in the reaction mechanisms and hindered rotor potentials for reactants and transition states. Each transition state was connected to the corresponding local minimum on either side of the transition state on the potential energy surface, with the use of intrinsic reaction coordinate calculations.
For the reaction mechanisms of methanal and methanoic acid when undergoing abstraction of a hydrogen atom byḢ atoms andȮH, HȮ 2 andĊH 3 radicals, the relative electronic energies have been calculated at the CCSD(T)/cc-pVXZ (where X = D, T and Q) level of theory and corresponding extrapolation to the complete basis set (CBS) limit. 13 The electronic energies calculated at the CCSD(T)/cc-pVTZ level were benchmarked against the ones calculated at the CBS limit and they are within 1 kcal mol −1 of each other. These were then used to calculate the high-pressure limit rate constant in this work. All energies have been reported as zero-point corrected electronic energies and all of the harmonic frequencies were scaled by 0.9496 as recommended by Merrick et al. 14 ChemCraft 15 has been used in the visualization and determination of geometrical parameters.
Our rate constants have been calculated using conventional transition state theory 16 with an asymmetric Eckart tunneling correction, 17 as implemented in Variflex v2.02m, 18 in the tempera-ture range 500-2000 K:
Where, k TST (T) is the rate constant at temperature T; σ is the reaction path degeneracy; κ is the asymmetric Eckart tunneling factor; k B is the Boltzmann constant; h is the Planck constant; Q ‡ (T)
is the partition function for the transition state; Q A (T) and Q B (T) are the partition functions for the reactants and E ‡ is the calculated electronic energy barrier height. Each partition function is evaluated with respect to the zero-point levels of reactants and transition states and are the product of translational (Q trans ), vibrational (Q vib ), external rotational (Q rot ), torsional (Q tor ) and electronic
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Figures 1 and 2 detail the optimized geometries of the aldehydes and acids studied, respectively, as well as the nomenclature used. Tables S1, S3 , S5 and S7 of the Supplementary Information (SI) provide details of the CCSD(T)/cc-pVDZ (TZ, QZ) and CCSD(T)/CBS calculated relative electronic energies for the abstraction of a hydrogen atom byḢ atoms andȮH, HȮ 2 andĊH 3 radicals, respectively, from methanal and methanoic acid. Tables S2, S4, S6 and S8 of the SI provides the geometry co-ordinates and frequencies for the reactants and transitions states in the title reactions. straction of a H-atom by aḢ atom occurs similarly for all of the aldehydes studied. The formation of a reactant complex is not observed in the entrance channel and a transition state is formed directly from reactants at each position relative to the functional group. The transition state for abstracting the aldehylic (R C(=O)-H) hydrogen atom has a calculated relative electronic energy of 7 kcal mol −1 for methanal and 5 kcal mol −1 for ethanal, propanal and isobutanal, Table 1 . Abstracting an α hydrogen atom has calculated relative electronic energies for the transition state of 12, 9 and 7 kcal mol −1 for ethanal, propanal and isobutanal, respectively. Abstraction of a β hydrogen atom has a relative energy of 12 kcal mol −1 for both propanal and isobutanal. Product complexes are formed in the exit channels, followed by the products. Abstraction of a hydrogen atom byȮH, HȮ 2 andĊH 3 radicals at each position of the aldehydes and acids begins with the formation of a reactant complex in the entrance channel which was not observed when undergoing abstraction byḢ atoms. In the case ofȮH and HȮ 2 radicals, this reactant complex forms a hydrogen bond between the H-atom of the radical and the oxygen atom of the functional group. Moreover, withĊH 3 radicals the formation of this complex is due to a very weak van der Waals interaction between the radical and the oxygenated molecule. It then proceeds through a transition state before forming a product complex in the exit channel, ultimately leading to products. Tables 2, 3 9.4 to 14.9 kcal mol −1 for aldehydes and acids, respectively, followed by the product complexes and products. Table 1 : Calculated electronic energies (in kcal mol −1 ) of the transition states relative to the reactants for aldehydes and acids +Ḣ atoms in this work, detailing the different types of hydrogen atoms present. Rate Constant Calculations
The high-pressure limit rate constants have been calculated, in the temperature range from 500 to 2000 K, using the conventional transition state theory with an asymmetric Eckart tunnelingcorrection, as implemented in Variflex. 18 As in our previous studies, [3] [4] [5] [6] [7] [8] 10 ,11 herein we also use the one dimensional hindered rotor treatment in the determination of our rate constant results and the Pitzer-Gwinn-like approximation in order to fit the low-frequency torsional modes according to the following equation:
Each dihedral angle of each reactant and transition state is investigated using the 1-D hindered rotor treatment and fitted using the equation above. Figure 11 shows an example of a potential energy diagram for an internal rotor and corresponding fit. We also provide Figure S1 in the SI which shows the hindered rotors fits for the H-atom abstraction reactions by HȮ 2 radicals from isobutanoic acid.
Previously, when we compared our calculated results obtained using the one dimensional treatment 4 to those calculated by Truhlar and co-workers 19, 20 with the multi-structure method, we observed that the results were quite similar and within 20 to 40% of one another. 10 In our previous works, 8, 21 we have studied the addition and H-atom abstraction reactions of ketones + HȮ 2 radicals and we found that in the temperature range studied (600-1600 K) the H-atom abstraction reactions are faster than the addition reactions by more than 2 orders of magnitude. D'Anna et al. 22 have also studied the addition reaction of anȮH radical to aldehydes and have found that these are of no importance under atmospheric conditions or even at the combustion temperature of 1500 K. Therefore, herein we disregard the addition of a radical to the carbonyl group of aldehydes and acids and only study the H-atom abstraction reactions. gen atom in aldehydes, the acidic hydrogen atom in acids and the H-C(=O)OH hydrogen atom in methanoic acid byḢ atoms andȮH, HȮ 2 andĊH 3 radicals, respectively. We observe that abstracting the acidic hydrogen atom in acids, by any of the radicals studied, is slower than abstracting the aldehylic hydrogen atom of aldehydes throughout the whole temperature range. Abstracting the H-C(=O)OH hydrogen atom in methanoic acid is also slower than aldehydes; however, it is faster than abstracting the acidic hydrogen atom in acids, from 500-2000 K. This is due to the lower energy required to abstract an aldehylic hydrogen atom when compared to the energy required to abstract the acidic hydrogen atom in acids and the H-C(=O)OH hydrogen atom in methanoic acid. by about a factor of 2 to 4, from 500-2000 K, and it is similar to abstracting a hydrogen atom at the α or β positions. This is due to the oxygen atom in the functional group of the aldehydes donating the lone pair of electrons to the anti-bonding orbital of the adjacent C-H bond, weakening it. This decreases the energy required to abstract the hydrogen atom and, consequently, accelerates the rate constants. However, the -O-H bond in acids is strong which increases the energy required to abstract the hydrogen atom, decreasing the rate constants.
When undergoing abstraction by an HȮ 2 radical, a similar trend is observed where abstracting an aldehylic hydrogen atom is faster than alkanes 24 Tables 5-9 show the fit parameters of our rate constant results. Tables 5 and 6 and Tables 7   and 8 show the Arrhenius fit parameters for our individual and average rate constant results, respectively, on a per hydrogen atom basis. Table 9 shows the Arrhenius fit parameters for our total rate constants, for each aldehyde and acid studied. In Figure 16 (b) we compare our total rate constant results for methanal +ȮH radicals to experimental data obtained by Vasudevan et al., 26 Wang et al., 27 Vandooren et al., 28 32 Eiteneer et al., 33 and to an estimated expression based on the works by Jemi-Alade et al. 34 and other low temperature measurements, as detailed by Robertson et al. 35 We observe that our results are within about a factor of 2 for most of the temperature range. Silva et al. 40 Our results are in good agreement with the recommended results of da Silva et al. 40 and are about one order of magnitude slower than the results by Farnia et al. 39 Figure 17(e) shows a comparison of our calculated rate constants for ethanoic acid +ȮH radicals to experimental data obtained by Khamaganov et al. 41 and our results are within about a factor of 2 of the experimental results.
A comparison of our calculated energies for methanal and ethanal +ȮH radicals and calculated frequencies for methanal +ȮH radicals to those calculated by Vasudevan et al. 26 and D'Anna et al. 22 is given in Table 10 . It can be observed that the calculated energies and frequencies are very similar to one another but the calculated total rate constants differ. We do not know the reasons for these discrepancies as seen in Figures 16(b) , 17(b) and 17(c); however, this work is based on systematic high-level ab-initio calculations which in previous works, such as in our work with esters +ȮH radicals, 10 have proven to give accurate results when compared to available experimental data.
Based on our previous work on n-butanol +ĊH 3 radicals 42 and on the suggestion by Goldsmith et al., 43 we have previously 6, 11 estimated an overall uncertainty of a factor of 2.5. Herein, we 31 Vasudevan et al., 26 Wang et al., 27 Vandooren et al., 28 Westenberg et al. perform a similar systematic study of the hydrogen atom abstraction byḢ atoms andȮH, HȮ 2 anḋ CH 3 radicals on aldehydes and acids and we also estimate an uncertainty of a factor of 2.5.
Conclusions
Conventional transition state theory with an asymmetric Eckart tunneling correction has been used to calculate the high-pressure limit rate constants for the title reactions, in the temperature range from 500 to 2000 K. As in our previous works, [3] [4] [5] [6] [7] [8] [9] [10] [11] complexes have been found in the entrance and exit channels when aldehydes and acids react withȮH, HȮ 2 andĊH 3 radicals. However, when reacting withḢ atoms the formation of the reactant complexes was not observed in the entrance channel where aldehydes and acids react directly with the radical via the transition state to undergo abstraction of a hydrogen atom. Our calculated results were compared to previous works on esters 10, 11 and alkanes calculated by Sivaramakrishnan et al. 23 and Iparraguirre et al. 24 When a hydrogen atom is abstracted byȮH and HȮ 2 radicals from the α and β positions of aldehydes and acids we observe a similar trend where our results are generally slower compared to alkanes for the whole temperature range and they are similar to our previous work on esters. 10, 11 Abstraction of an aldehylic hydrogen atom is faster than alkanes due to the delocalization of the lone pair of electrons from the oxygen atom of the functional group of aldehydes into the antibonding orbital of the adjacent C-H bond. This weakens the bond (BDE = 86-87 kcal mol −1 ), lowering the energy required for abstraction of the hydrogen atom and consequently accelerating the rate constants. Abstracting the acidic hydrogen atom in acids however is slower than alkanes due to the higher strength of the bond (BDE = 110-112 kcal mol −1 ) which increases the energy required to break the bond and slows the rate constants.
We have compared our theoretical calculations for the reactions of methanal withḢ atoms anḋ OH, HȮ 2 andĊH 3 radicals, ethanal withḢ atoms andȮH and HȮ 2 radicals, propanal and ethanoic acid withȮH radicals to experimental and theoretical data obtained previously and our results are generally in good agreement.
